, and Ni 21 bind to Aap but do not support self-association. As the number of G5 domains are increased in longer B-repeat constructs, the total concentration of metal required for dimerization decreases and the transition between monomer and dimer becomes more abrupt. These characteristics allow Aap to function as an environmental sensor that regulates biofilm formation in response to local concentrations of Zn 21 and Cu
Introduction
Staphylococci are responsible for a large percentage of healthcare-associated infections; in particular, Staphylococcus epidermidis is the primary causative agent of device-related infections.
1,2 A major complicating factor in these infections is the propensity of staphylococci to form biofilms, specialized colonies of bacteria that adhere to a surface. Bacteria growing in a biofilm are highly resistant to antibiotic action and immune cell responses. 1 The accumulation associated protein (Aap) of S. epidermidis is a key cell wall-anchored (CWA) protein necessary for intercellular adhesion throughout biofilm growth and maturation. 3 Aapdeficient strains of S. epidermidis fail to form biofilms in culture, 3 and Aap was shown to be essential for S. epidermidis infection in a rat catheter model in vivo. -dependent self-assembly of the accumulation associated protein (Aap), forming intertwined filaments between cells. We now show that Cu 21 also supports self-assembly, whereas other transition metals (Mn 21 , Co 21 , and Ni
21
) bind to Aap but do not support assembly. Thus, Aap acts as a sensor of Zn 21 and Cu
Aap is a remarkable multi-functional protein that mediates host cell attachment but can also use environmental cues to switch into the primary intercellular adhesion protein during biofilm formation. Aap forms a highly elongated, thread-like filament that projects outward from the staphylococcal cell wall via an extended stalk, 5, 6 with multiple distinct domains that mediate various functions [ Fig. 1(A) ]. The N-terminal region of Aap includes short unstructured A-repeats followed by a lectin domain; this region has been implicated in mediating host cell attachment. 9 In contrast, the downstream B-repeat superdomain, comprising 5-17 tandem B-repeats, is responsible for intercellular adhesion in the biofilm. 10 The B-repeat region becomes unmasked and can mediate intercellular adhesion after the secreted S. epidemidis protease SepA cleaves Aap between the lectin and B-repeat regions. 11 Each 128-aa B-repeat consists of a 78-residue G5 subdomain , we observed three distinct coordination schemes, each of which was validated in solution by mutagenesis and analytical ultracentrifugation. 7 This pleomorphism in metal ion coordination is likely the underlying basis for the ability of the B-repeat region to self-assemble with either Zn 21 or Cu
.
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and a 50-residue spacer subdomain. 12 Crystal structures of Aap B-repeats revealed a highly elongated fibrillar structure primarily composed of long 3-stranded b-sheets separated by triple-helix-like coils [ Fig. 1(B) ]. 7, 8 We demonstrated that the critical environmental factor required for B-repeat self-assembly and biofilm formation is the divalent transition metal cation Zn 21 . -mediated self-assembly [ Fig. 1(B) ]. 7, 8 One face of each G5 domain uses residues (Glu, Asp, or His) to tetrahedrally coordinate Zn 21 in trans, which brings two Brpt1.5 protomers together to form an antiparallel dimer. Structural modeling of longer B-repeat constructs indicated that Zn
21
-induced assembly would lead to the formation of a twisted, rope-like structure between staphylococcal cells. 7 This mechanism resembles metal-induced self-assembly of multidentate ligands such as porphyrin ladders that coordinate metal ions in trans. 13 A notable feature of these systems is that the macroscopic affinity of the ligand for the metal ion increases dramatically with increasing number of metal binding sites. This behavior is related to the chelate effect, in which the initial intermolecular assembly event is followed by one or more intramolecular ligation events with minimal entropic cost due to the tethered nature of the reacting species. 14 We observe this phenomenon with Aap B-repeat constructs; short repeats such as Brpt1.5 require millimolar Zn 21 concentrations to assemble, but longer repeats require lower metal concentrations, culminating in the full-length native B-repeat region (with up to 17 repeats) requiring only low micromolar Zn 21 for assembly during biofilm formation. 12, 15 An interesting feature of the dimeric Brpt1.5 structures was that different crystal forms showed similar overall conformations but distinct coordination schemes, suggesting pleomorphic coordination of Zn 21 by several nearby acidic residues and a histidine side chain [ Fig. 1(C) ]. This observed variability in both the ligating residues and coordinating bond lengths, combined with flexibility of the B-repeat fold, 7, 8 suggests that the observed metal-binding site may not be highly specific and that other bioavailable metal ions might induce self-assembly. When defining the search space for other metal ions that might induce Aap self-assembly, both the chemistry and geometry of the binding pocket must be considered. The highly electronegative residues that form the bulk of the Zn 21 21 -ligating residues. These issues necessitated optimization of the approach to definitively address metal specificity. Experimentally, sedimentation velocity data were collected using interference optics rather than absorbance optics and data were analyzed using a modified c(s) model with additional floated parameters in the program Sedfit. 16 Second, an optimized buffer system (100 mM Tris pH 7.8, 50 mM NaCl) maintained Brpt1.5 in an assemblycompetent pH range (above pH 6. 8 12 ), while promoting metal ion solubility by a combination of pH buffering capacity and the ability of Tris to act as a weak chelator of divalent cations.
The optimized buffer included only 50 mM NaCl to minimize electrostatic screening, allowing complete dimerization of Brpt1. , an additional higher-order species was observed near 5.2 S comprising about 10% of the total signal [ Fig. 2 . Brpt5.5 contains five intact B-repeats and the C-terminal capping G5 (i.e., six total G5 domains instead of two); this is the minimal number of repeats that can support biofilm formation at the bacterial cell surface with the orthologous protein SasG. 20 Use of the longer construct increased apparent metal affinity, as expected based on the chelate effect. 12 The lower metal concentrations required for assembly allowed the use of an even more optimal buffer system containing 100 mM MOPS (pH 7.2) with 50 mM NaCl to minimize metal interaction with the buffer and increase metal solubility, but 20 mM Tris (pH 8.6) was still required to solubilize the metal ions in the Cu 21 sample. The buffer mismatch model (BMM) in Sedfit was needed to successfully fit the sedimentation data due to the mismatch between sample and buffer and cosedimentation of metal ions under these conditions [ Fig. 5(A,B) ]. 21 Using the MOPS buffer system, Brpt5.5 in the presence of 1 mM Zn 21 sedimented with a reaction boundary consistent with a dimer species [ Fig. 6(A . Comparison of the zinc and copper AUC data yields hints about the conformation of these Brepeat:metal complexes. In addition to the sedimentation coefficient (S), sedimentation velocity data yields information on the weight-average frictional ratio (f/f 0 ) for the sample. This ratio is a shape parameter that describes the deviation of the sedimenting particle from an ideal sphere (which would have an f/f 0 value of 1.0). Nearly spherical globular proteins have frictional ratios near 1.2, while elongated species have values of 1.6 or higher. 26 In previous analyses, we observed that the f/f 0 value for free Brpt1.5 was near 1.75 (highly elongated); the ratio decreased to around 1.5 upon Zn
-induced dimerization. This is consistent with the highly elongated crystal structures of free B-repeat constructs and the structure of the Zn 21 -induced Brpt1.5 dimer, which forms a side-by-side antiparallel arrangement that is wider than the extended monomer. 7, 8 In the current study we observed a similar trend in the frictional ratios as Brpt1. binds (as demonstrated with the E203A mutant in Fig. 4) , with a similar overall dimer configuration. The case is different for the Brpt5.5 construct. In the absence of metal, monomeric Brpt5.5 sedimented with a frictional ratio of 3.2 (extremely elongated). As seen for Brpt1.5, the Zn 21 -induced transition from monomer to apparent dimer at 3.9 S leads to a decrease in f/f 0 , yielding a value of 2.2. However, the transition from putative dimer to higher-order oligomers then reverses the trend; the weight-average f/f 0 increases from 2.2 up to 2.9 in samples with the highest metal concentrations. This trend in the f/f 0 suggests that successive Brpt5.5 protomers might form larger assemblies (beyond dimer) by staggering their register to create even longer complexes, rather than assembling side-by-side, which would increase the width relative to the length and thereby reduce the frictional ratio even further than that seen in the dimer. The 3.9 S reaction boundary may not exclusively reflect a dimer population but instead might represent a reaction boundary consisting, for example, of monomers, dimers, and higher-order oligomers in rapid exchange. Regardless, the increasing trend of weight-averaged f/f 0 values as Zn 21 concentrations increase would suggest that higher-order oligomers are increasingly more elongated. Hydrodynamic modeling [ Fig. 7(A) ] using the four Brpt1.5 crystal structures previously solved in our lab 7 predicts the sedimentation coefficient of monomeric Brpt1.5 to range from 1.63-1.72 S and to construct homology models [ Fig. 7(C) ]. Atomic shell modelling, a more computationally intensive approach than that used for Brpt1.5, predicts a sedimentation coefficient of 2.26 S, which is fairly close to the experimental value of 2.15 S. Although quasirigid modeling of flexible proteins such as Brpt1.5 are only estimations, the simulation results help correlate monomer and dimer to both observed reaction boundaries of Brpt1.5 and verify that an elongated configuration of monomeric Brpt5.5 is consistent with its sedimentation behavior.
Discussion
The coordination number (CN) of a metal ion describes the preferred number of coordinating ligands (e.g., protein side chains 33 and high charge densities. This also suggests that the selectivity of the G5 domains for transition metal ions comes mostly from their ability to adopt tetrahedral geometry rather than other properties of the cation. In contrast to the specificity observed with metal-induced B-repeat assembly, all tested transition metal ions were capable of binding to the G5 domain. This is perhaps not surprising, given that were combined to create an ensemble of homology models for the longer construct, yielding predicted sedimentation parameters that were similar to experimental values.
Asp, Glu, and His are preferred ligands for each of these metals, and these residues are highly enriched in the pleomorphic G5 binding site. 17 
Materials and Methods

Molecular cloning
Brpt1.5 and Brpt1.5 E203A constructs were generated from previously described Invitrogen Gateway System entry vectors. 7, 12 Brpt5.5 is an elongated B-repeat construct from Aap containing the six most C-terminal G5 domains (residues 1505-2223) from Staphylococcus epidermidis RP62A (AAW53239.1) with an N-terminal tobacco etch virus (TEV) protease cleavage site. The final construct in the destination vector pHisMBP-DEST encoded an N-terminal hexahistidine-tagged maltose binding protein (His-MBP) followed by the TEV protease cut site and terminating with the B-repeats.
Protein expression and purification
Novagen BLR DE3 Escherichia coli competent cells were transformed with destination B-repeat plasmids and grown to an OD 600 of 0. By separating the buffering and chelating functions, we were able to minimize effects on apparent affinity between Brpt5.5 and the copper while still allowing for enough buffering capacity to keep the experiment within a functional pH range and the Cu 21 fully soluble.
Sedimentation velocity data analysis
SV experiments were analyzed using Sedfit 15.01b. 16 Figures were prepared using GUSSI 1.0.8d. 39 Ideally, when using interference optical detection, complete subtraction of the reference from the sample signal eliminates any unwanted buffer signal offsets arising from co-solvent molecules. However, because the system's limitations required addition of the metals post-dialysis, a buffer mismatch is inevitable. It is possible to computationally correct for this by modeling co-solute redistribution with specific Lamm Equation solutions implemented in Sedfit. 21 The BMM accounts for any concentration difference as a ratio of sample sector to reference sector with a value of 1.0 equating to a perfect concentration match. The value for c 0 * (sample)/c Ã 0 (reference) was determined as a floating parameter in a separate fit after radial and time-invariant noise were subtracted. Similarly, because of small volume differences due to addition of the metal ions, a different meniscus position is expected in the sample and reference sectors. In cases when this mismatch was optically relevant, it was modeled using the Dm parameter, the difference between sample and reference sector menisci, as a fixed value based on the fringe interference. By applying just two conditions of the BBM, it was possible to recover reliable data from a system that initially appeared experimentally intractable.
Hydrodynamic and homology modeling
The Solution Modeler module of UltraScan 9.9 Rev 3087 40 was used to predict the hydrodynamic parameters using the coordinates from four Brpt1.5 crystal structures (PDB codes: 4FUN, 4FUM, 4FUO, 4FUP). 7 In the case of 4FUP, both chains in the asymmetric unit were isolated and run separately. The SOMO overlapping bead model was used for all simulations. The Brpt5.5 homology models were constructed using Modeller 9.17 41 with 4FUN, 4FUO, 4FUP, 5TU7, 5TU9, 4FUM, 5TU8 7, 8 as templates in decreasing order of coverage. Of the twenty models created, the five with the best GA341 and lowest zDOPE scores were selected for the ensemble. Atomic shell modelling was performed using Hydropro 10. 
